In China, 1/5 of the total farmland area is Cd-enriched; the wide occurrence of Cd-contaminated soil in China has already posed significant public health risk and deserves immediate action. In situ immobilization has been regarded as one of the most promising agricultural extension-technologies for remediating low-to-medium levels of heavy metal contaminated land in China. Although extensive research has been conducted to examine the effectiveness of different amendments on remediation of Cd-contaminated soils, the influence of changed soil properties on secondary release of Cd from Cd-amendment to soil is rarely known. The objective of this study was to evaluate the effectiveness of four soil amendments (denoted as Ad1, Ad2, Ad3 and Ad4, their main components being clay mineral, base mineral, humus and biochar, respectively) on reducing Cd availability and increasing Cd stability in soil. The maximum adsorption capacity of test amendments on Cd ranged from 7.47 to 17.67 mg g −1 . The characterizations of test amendments before and after Cd loading provided the evidence that surface precipitation and ion exchange were the main reasons for Ad1 and Ad2 to adsorb Cd, and complexation was for Ad3 and Ad4. In addition, there was significant increase in the desorption percentages of Cd from amendments as pH decreased (from 7 to 1) or ion strength increased (from 0 to 0.2 M). Comparatively, Ad3 and Ad4 could be more effective for in situ immobilization of Cd in contaminated soils, due to their high adsorption capacities (12.82 and 17.67 mg g −1 , respectively) and low desorption percentages (4.46-6.23%) at pH from 5 to 7 and ion strengths from 0.01 to 0.1 mol L −1 . The results obtained in this study could provide a guideline for in-situ remediation of Cd polluted field-soil in China.
Introduction
Soil heavy metal contamination is regarded as one of the most severe environmental issues globally due to its elusive invisibility, persistence and irreversibility, as well as high-toxicity [1] [2] [3] [4] [5] . In China, more than 100 million ha of land are contaminated by heavy metal, and, among all inorganic pollutants, the over-standard rate of Cd is up to 7.0% [2, 3] . More than 11 provinces and 25 districts of China are subjected to Cd-enriched soil [4, 5] . Cd is considered as one of the most toxic metals in plants due to its high water solubility and phytotoxicity. Generally, Cd is released into the soil environment through various industrial processes (e.g., metal smelting, coal or oil burning, wood combustion, and waste
Characterization of Amendments
The soil amendments were firstly ground and then sieved through 300 mesh (48 µm). The collected powder was blended with CdCl 2 solution (120 mg/L) thoroughly and oscillated for 24 h. It should be noted that the complexation of Cl − with Cd 2+ to form the complex CdCl n(2−n) may increase Cd bioavailability. In on our previous test, we investigated the anion compositions of soil solution in 12 Chinese typical agricultural soils, and found that Cl − content in these soil solutions was in the range of 1.209-1.693 mol/L; therefore, in this study, to simulate the soil environments, the maximum concentration of CdCl 2 was set as 120 mg/L (1.31 mol/L of Cl − ). After rinsing with DI water to remove free Cl − , the samples were dried in a drying oven with a constant temperature of 50 • C for 24 h. The amendments before and after loading Cd was characterized by particle size analyzer, surface area analyzer and X-ray diffractometer. Specifically, the mean grain size was analyzed using a laser particle analyzer (HORIBA LA-950, Horiba, Kyoto, Japan), the surface area was measured by single point Brunauer-Emmett-Teller (BET) N 2 sorption procedure (BET-N 2 : Quantachrome Instruments, Boynton Beach, FL, USA), and the identification of crystallinity and crystal phase of samples was performed by a Bruker D8 Advance X-ray diffractometer (Karlsruhe, Germany). Physical and chemical properties of these amendments were also tested by the methods similar to what was conducted for the Cd contaminated soil samples. Specifically, pH of a 1:2.5 (w/w) amendment-CaCl 2 water suspension was tested by a pH meter (Denver Instrument UB-7 pH/mV Meter, ultraBASIC). Cation exchanging capacity (CEC) was tested by the barium chloride method. The potassium dichromate outside heating method was used to determine soil organic matter. The Cd concentration in the amendments was measured by digesting about 0.2 g of amendments with 4.5 mL HCl (37%), 1.5 mL HNO 3 (65%) and 1 mL H 2 O 2 (30%) in a Teflon bomb placed in a microwave digestion apparatus (Milestone MLS 1200 Mega). The Cd concentrations in the digests were determined using a PerkinElmer 1100B atomic absorption spectrometer. No cadmium was detected in the amendments used in our study. The basic physical and chemical properties of soil amendments are displayed in Table 1 . 
Adsorption and Desorption Experiments
Adsorption isotherm experiments were performed to determine the maximum adsorption capacity of Cd and a constant related to the binding energy of Cd based on each amendment. Adsorption study was conducted in a batch experiment: 30 mL aliquots of 0.05 mol L −1 NaNO 3 background electrolyte solution, including a known amount of Cd concentration ranging from 0 to 120 mg L −1 (0, 0.5, 1, 2, 5, 10, 30, 60, 90, and 120 mg L −1 ) was equilibrated with 0.2 g of amendments in a 50 mL polycarbonate centrifuge tube. All tubes were instantly sealed and then mechanically oscillated on an over-to-over shaker (~50 r/min) at normal temperature (25 ± 2 • C) for 24 h based on a preliminary experiment that observed no obvious adsorption after 24-h reaction. Centrifugation (at 5000 r min −1 for 30 min) was used to separate the supernatant and solid residues, and then the supernatant was filtered through a 0.45 µm membrane pore size filter, the collected filtrate was subjected to a PerkinElmer 1100B atomic absorption spectrometer for determination of Cd concentration. Each processing was set three repetitions.
Desorption experiments were conducted to demonstrate the stability of Cd on each amendment. Desorption was measured immediately after adsorption of Cd by amendments (in Section 2.3) at maximum concentration point (the stock solution of Cd at a concentration of 120 mg L −1 in the batch experiment). Specifically, the solid residues remaining in the centrifuge tubes after adsorption experiments were collected and washed with DI water carefully three times to remove any possibly unabsorbed ions, and then dried at a constant temperature of 50 • C. The obtained samples were denoted as amendments with Cd loading (Ads-Cd). As changes in pH and ionic strength would significantly affect the effectiveness of amendments, which in turn would change the adsorption capacity and affect the transport of Cd in the medium, Ads-Cd were applied in the following procedures to illustrate the effects of pH and ion strength on Cd desorption.
Effect of pH
NaNO 3 (0.01 mol L −1 ) was again used as background electrolyte, while the solution pH was adjusted to 1, 2, 3, and 5 individually by 0.1 mol L −1 HCl and NaOH solutions. DI water was used as the treatment of pH 7 as the control. It should be noted that pH below 4 is less relevant to natural conditions, the critical criterion for examining the stability of soil remediation, thus pH of 3.0 was set. While the gradient of pH value should usually be set to exceed the threshold, in this experiment, we aimed to understand the maximum amount of cadmium desorption at very low pH, so the ultimate pH was set as low as 1.0 in this study. Part of the collected Ads-Cd samples (0.2 g) was equilibrated with 30 mL of the prepared solutions in a rotatory shaker at 180 r min −1 and 25 ± 2 • C for 24 h. Centrifugation at 5000 r min −1 for 30 min was used to separate the supernatant and solid residues and then the supernatant was filtered through a 0.45 µm membrane pore size filter, the collected filtrate was subjected to a PerkinElmer 1100B atomic absorption spectrometer for determination of Cd concentration. 
Effect of Ion Strength
Similar procedure was adopted in examining the effect of ion strength. Differently, background electrolyte NaNO 3 was prepared in the concentrations of 0, 0.01, 0.05, 0.1 and 0.2 mol L −1 by DI water. Specifically, 0.2 g of the collected Ads-Cd samples were equilibrated with 30 mL of the prepared solutions in a rotatory shaker at 180 r min −1 and 25 ± 2 • C for 24 h. The solid residues and supernatant were separated by centrifugation (5000 r min −1 for 30 min), and then filtered through a 0.45 µm membrane pore size filter. The collected filtrate was subjected to a PerkinElmer 1100B atomic absorption spectrometer for determination of Cd concentration. Each desorption treatment was carried out in triplicate.
Statistical Analysis
Langmuir and Freundlich isotherms were used to analyze the experimental data for Cd ions adsorption onto the amendments to evaluate the parameters directly related to the adsorption process.
The monolayer adsorption process was successfully characterized by Langmuir isotherm:
where C 0 (mg L −1 ) is the initial concentration of Cd, C e is the concentration of Cd in solution at equilibrium (mg L −1 ), V is the volume of equilibrium solution (mL), m is the quality of the amendment (g), x/m is the adsorbed Cd per gram at equilibrium (mg g −1 ), b is the maximum adsorption capacity of Cd (mg g −1 ), and K l is a constant related to the binding energy of Cd on amendments (L mg −1 ). The Freundlich isotherm is considered as a semi-empirical equation to characterize the adsorption on heterogeneous surface, which can be presented in the following form:
where x/m is the quantity of adsorbed Cd per gram at equilibrium (mg/g), C e is the concentration of Cd in equilibrium solution (mg L −1 ), K F is Freundlich adsorption coefficient (L mg −1 ), and n is a parameter reflecting the intensity of sorption. The desorption efficiency (D, %) of Cd from Ads-Cd was calculated by:
where C 0 max is the initial concentration of Cd (120 mg L −1 in this study), and Cd is the desorption equilibrium concentration of Cd (mg L −1 ). The data were also subjected to one-way ANOVA analysis using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA), and Duncan's Multiple Range test was used to determine the differences (p < 0.05) between means. All data were fitted to the normal distribution before conducting one-way ANOVA.
Results and Discussion

Characterization of Amendments
The particle size and BET surface area of Ads before and after Cd adsorption are summarized in Table 2 . The particle size increased while BET surface area decreased after Cd-loading on Ads, which might be explained by the fact that reactions such as electrostatic adsorption, surface precipitation, complexation etc. occurred with the adsorption of Cd. Inorganic minerals before and after Cd adsorption on the surfaces of soil amendments were identified by XRD analysis. As shown in Figure 1 , in addition to the main minerals detected such as crystalline calcite (CaCO 3 ), quartz (SiO 2 ), soda or potash feldspar (NaAlSi 3 O 8 or KAlSi 3 O 8 ), etc., new diffraction peaks at 2θ = 28.1 • and 37.0 • corresponding to chemicals of Cd(OH) 2 and CdCO 3 , respectively, were found on the surfaces of Ads-Cd. It might be explained by the fact that the Ads tend to release anions (e.g., CO 3 2− ) which bond with Cd to form precipitates; similarly, functional group such as C-OH on the surface of Ads might promote the occurrence of complexation reactions during Cd sorption. As previous studies reported that some metal cations such as Ca, Fe and Mg ions can be modified and replaced by Cd ions in the lattice of base and clay minerals by ion exchange [34] , in this study, we found that CaMg(CO 3 ) 2 in Ad1 was replaced by CaCd(CO 3 ) 2 , indicating ion exchange might take place on the surface of Ad1 with Cd sorption. Similarly, the replacement of Cd also took place on the surface of Ad2. XRD analysis suggested the phenomena of isomorphic substitution where probably the Al 3+ ions of the zeolite or attapulgite framework were substituted with exchanged Cd 2+ ions. Similar phenomenon was observed in previous studies [34] . Therefore, the principal mechanism being responsible for Cd adsorption on Ad1 and Ad2 was ion exchange, which might be followed by surface precipitation or complexation. These mechanisms might have occurred simultaneously or supplemented each other. However, it should be noted that XRD is specialized with its application mainly concentrating on crystal identification and crystal structure analysis. While sometimes XRD cannot accurately detect the diffraction peaks of all substances due to the possible reasons that the formed particles are too small (as in the case of many precipitation reactions), the materials being formed are not crystalline or their concentration is too low for detection. Therefore, more investigation is further needed to determine the sorption mechanism of Cd by amendments. Inorganic minerals before and after Cd adsorption on the surfaces of soil amendments were identified by XRD analysis. As shown in Figure 1 , in addition to the main minerals detected such as crystalline calcite (CaCO3), quartz (SiO2), soda or potash feldspar (NaAlSi3O8 or KAlSi3O8), etc., new diffraction peaks at 2θ = 28.1° and 37.0° corresponding to chemicals of Cd(OH)2 and CdCO3, respectively, were found on the surfaces of Ads-Cd. It might be explained by the fact that the Ads tend to release anions (e.g., CO3 2− ) which bond with Cd to form precipitates; similarly, functional group such as C-OH on the surface of Ads might promote the occurrence of complexation reactions during Cd sorption. As previous studies reported that some metal cations such as Ca, Fe and Mg ions can be modified and replaced by Cd ions in the lattice of base and clay minerals by ion exchange [34] , in this study, we found that CaMg(CO3)2 in Ad1 was replaced by CaCd(CO3)2, indicating ion exchange might take place on the surface of Ad1 with Cd sorption. Similarly, the replacement of Cd also took place on the surface of Ad2. XRD analysis suggested the phenomena of isomorphic substitution where probably the Al 3+ ions of the zeolite or attapulgite framework were substituted with exchanged Cd 2+ ions. Similar phenomenon was observed in previous studies [34] . Therefore, the principal mechanism being responsible for Cd adsorption on Ad1 and Ad2 was ion exchange, which might be followed by surface precipitation or complexation. These mechanisms might have occurred simultaneously or supplemented each other.
However, it should be noted that XRD is specialized with its application mainly concentrating on crystal identification and crystal structure analysis. While sometimes XRD cannot accurately detect the diffraction peaks of all substances due to the possible reasons that the formed particles are too small (as in the case of many precipitation reactions), the materials being formed are not crystalline or their concentration is too low for detection. Therefore, more investigation is further needed to determine the sorption mechanism of Cd by amendments. In the case of Ad3, except for Cd(OH)2 and CdCO3, a new diffraction peak 2θ = 32.6° representing KCdCl3 was observed after the loading of Cd. A new diffraction peak of around 2θ = 38.7° was observed with Cd loading, indicating the formation of complex Cd(OH)Cl, related to the complexation between Cd 2+ and organic functional groups (e.g., C-O, C-OH, C-O-C) on the surface of Ad4 [35] .
Cd Adsorption on Amendments
The Langmuir and Freundlich models were used to simulate the adsorption isotherms of Cd on the amendments. The Langmuir and Freundlich parameters derived from Equations (2) and (4) and their correlation coefficients (R 2 ) are presented Table 3 . The adsorption of Cd on amendments obeyed Langmuir and Freundlich adsorption isotherms well with R 2 > 0.87, and the maximum adsorption capacity (b) on Cd of the test amendments ranged from 7.47 to 17.67 mg g −1 and followed the order of: Ad3 > Ad4 > Ad1 > Ad2. The predictions of both Langmuir or Freundlich isotherms showed similar trends in their corresponding adsorption coefficients or binding energy on Cd (k) ( Table 3) . It is important to note that slightly better fit of Ad3 and Ad4 adsorption of Cd was obtained using Langmuir model than that from Freundlich model, suggesting that the behavior of Cd adsorption onto Ad3 and Ad4 was more consistent with the Langmuir model, than that of Freundlich. Hence, it can be assumed that adsorption of Cd by Ad3 and Ad4 mainly occurred in monolayers, or through a fixed number of identical, and energetically equivalent sites on the surface. In contrast, higher correlation coefficients from Freundlich model was achieved at Ad1 and Ad2 adsorption of Cd than that from Langmuir as shown in Table 3 , indicating Ad1 and Ad2 might apply multi-layer adsorption and surface adsorption under a variety of unideal conditions, as described by the Freundlich model, a semi-empirical equation [36] . As shown in Table 3 , Ad3 was the most effective in adsorbing Cd from solutions among all amendments. There are at least three possible reasons. Firstly, humus can contain abundant humic In the case of Ad3, except for Cd(OH) 2 and CdCO 3 , a new diffraction peak 2θ = 32.6 • representing KCdCl 3 was observed after the loading of Cd. A new diffraction peak of around 2θ = 38.7 • was observed with Cd loading, indicating the formation of complex Cd(OH)Cl, related to the complexation between Cd 2+ and organic functional groups (e.g., C-O, C-OH, C-O-C) on the surface of Ad4 [35] .
The Langmuir and Freundlich models were used to simulate the adsorption isotherms of Cd on the amendments. The Langmuir and Freundlich parameters derived from Equations (2) and (4) and their correlation coefficients (R 2 ) are presented Table 3 . The adsorption of Cd on amendments obeyed Langmuir and Freundlich adsorption isotherms well with R 2 > 0.87, and the maximum adsorption capacity (b) on Cd of the test amendments ranged from 7.47 to 17.67 mg g −1 and followed the order of: Ad3 > Ad4 > Ad1 > Ad2. The predictions of both Langmuir or Freundlich isotherms showed similar trends in their corresponding adsorption coefficients or binding energy on Cd (k) ( Table 3) . It is important to note that slightly better fit of Ad3 and Ad4 adsorption of Cd was obtained using Langmuir model than that from Freundlich model, suggesting that the behavior of Cd adsorption onto Ad3 and Ad4 was more consistent with the Langmuir model, than that of Freundlich. Hence, it can be assumed that adsorption of Cd by Ad3 and Ad4 mainly occurred in monolayers, or through a fixed number of identical, and energetically equivalent sites on the surface. In contrast, higher correlation coefficients from Freundlich model was achieved at Ad1 and Ad2 adsorption of Cd than that from Langmuir as shown in Table 3 , indicating Ad1 and Ad2 might apply multi-layer adsorption and surface adsorption under a variety of unideal conditions, as described by the Freundlich model, a semi-empirical equation [36] . Note: b is the maximum adsorption capacity (mg g −1 ); K l is the Langmuir constant related to the sorption energy (L mg −1 ); n is the Freundlich constant related to surface heterogeneity; K F is the Freundlich constant related to sorption capacity (L mg −1 ); and R 2 is the correlation coefficients.
As shown in Table 3 , Ad3 was the most effective in adsorbing Cd from solutions among all amendments. There are at least three possible reasons. Firstly, humus can contain abundant humic substances (e.g., humic acid, fulvic acid and humin); because of their deprotonation in weakly acidic to basic media, humic substances have negative charge and improve the sorption of Cd by electrostatic attraction and/or complexation [37, 38] .
In addition, humic substances can form aggregates with mineral particles, which significantly enhances adsorption and complexation of heavy metal ions [31] . Another reason might be related to a mass of microorganisms (e.g., bacteria, actinomycetes and fungi) included by humus, because the cell walls of these microorganisms or the byproducts synthesized by microorganisms such as antibiotics, enzymes, flavoring agents and organic acids could directly deposit heavy metals by physical adsorption or inorganic precipitation [39, 40] . The adsorption mechanism of Ad4 on Cd in solutions is different from that of Ad3. Electrostatic attraction with anions such as Cd could occur on the negatively charged surface of biochar [41] . The electron-rich domains on functional groups of biochar bearing π-electrons such as C=O or C=C to form cation-π interactions with Cd can also be associated with Cd adsorption [35, 42, 43] . Finally, ion exchange of Cd with exchangeable cations such as calcium and magnesium ions on biochar could also be an important adsorption mechanism [35, 44] .
It is evident in Table 3 that Ad3 and Ad4 were more effective in absorbing Cd than Ad1 and Ad2, and the adsorption capacity of Ad3 almost doubled that of Ad1 and Ad2 in both Langmuir and Freundlich models. Generally, the adsorption capacity of amendments on heavy metals is believed to depend on their polarity, pore size distribution, surface morphology, surface area, functional groups attached to the sorbent surface, etc. [45] . The mechanisms of adsorbing heavy metals by clay or rock materials primarily contain ion exchange, surface complexation ("innersphere" or "outersphere"), lattice diffusion, isomorphic substitution within the mineral lattice, etc. [46, 47] .
Cd Desorption from Amendment-Cd
Effect of pH
The desorption of Cd from Ads-Cd into solutions was evaluated to investigate the stabilization of Cd on amendments in media (soils or waters). The effect of pH and ion strength on Cd desorption were determined and calculated by Equation (5) . The effect of pH on the desorption percentages of Cd is shown in Figure 2 . All treatments significantly increased the desorption percentages of Cd when compared with the control (pH = 7). It is worth noting that, when ion-exchange or chemical bonding dominates the adsorption of Cd on amendments, its associated desorption could be facilitated by strong acid or alkali solutions. In contrast, if physical bonding plays the key role, then just water (control treatment) can cause its desorption [48] . The results again indicate that possibly several retention processes such as ion exchange, surface sorption, diffusion, precipitation, etc. contributed simultaneously toward Cd stabilization by amendments. In addition, lower pH values (1.0 or 2.0 vs. 3.0 or 5.0) resulted in statistically increased desorption percentages, as shown in Figure 2 , which could be explained as the increased amounts of H + or corresponding more positive charges with the decrease of pH values in solutions compete with Cd ions that were already fixed in amendments, further liberating more Cd. substances (e.g., humic acid, fulvic acid and humin); because of their deprotonation in weakly acidic to basic media, humic substances have negative charge and improve the sorption of Cd by electrostatic attraction and/or complexation [37, 38] . In addition, humic substances can form aggregates with mineral particles, which significantly enhances adsorption and complexation of heavy metal ions [31] . Another reason might be related to a mass of microorganisms (e.g., bacteria, actinomycetes and fungi) included by humus, because the cell walls of these microorganisms or the byproducts synthesized by microorganisms such as antibiotics, enzymes, flavoring agents and organic acids could directly deposit heavy metals by physical adsorption or inorganic precipitation [39, 40] . The adsorption mechanism of Ad4 on Cd in solutions is different from that of Ad3. Electrostatic attraction with anions such as Cd could occur on the negatively charged surface of biochar [41] . The electron-rich domains on functional groups of biochar bearing π-electrons such as C=O or C=C to form cation-π interactions with Cd can also be associated with Cd adsorption [35, 42, 43] . Finally, ion exchange of Cd with exchangeable cations such as calcium and magnesium ions on biochar could also be an important adsorption mechanism [35, 44] .
Cd Desorption from Amendment-Cd
Effect of pH
The desorption of Cd from Ads-Cd into solutions was evaluated to investigate the stabilization of Cd on amendments in media (soils or waters). The effect of pH and ion strength on Cd desorption were determined and calculated by Equation (5) . The effect of pH on the desorption percentages of Cd is shown in Figure 2 . All treatments significantly increased the desorption percentages of Cd when compared with the control (pH = 7). It is worth noting that, when ion-exchange or chemical bonding dominates the adsorption of Cd on amendments, its associated desorption could be facilitated by strong acid or alkali solutions. In contrast, if physical bonding plays the key role, then just water (control treatment) can cause its desorption [48] . The results again indicate that possibly several retention processes such as ion exchange, surface sorption, diffusion, precipitation, etc. contributed simultaneously toward Cd stabilization by amendments. In addition, lower pH values (1.0 or 2.0 vs. 3.0 or 5.0) resulted in statistically increased desorption percentages, as shown in Figure 2 , which could be explained as the increased amounts of H + or corresponding more positive charges with the decrease of pH values in solutions compete with Cd ions that were already fixed in amendments, further liberating more Cd. A closer look at Figure 2 reveals that there was no big difference in Cd desorption at higher pHs (>3) under all different amendments with the desorption percentages of less than 20%, but their significant increase was found with pH decreased from 3 to 2, particularly for Ad3 and Ad4, in which the desorption percentages almost doubled. In addition, up to 40-70% of desorption rate at extremely low pH (1 or 2) for Ad3 and Ad4 was observed in Figure 2c ,d, which was much higher than that obtained by Ad1 and Ad2 (15-30%). In the case of Ad3, more H + in the solutions with lower pH values resulting in apparently release of Cd can be explained by the fact that the carboxyl functional groups of humic acids were protonated to a higher extent with lower pH values (<3.0) and resulted in a stronger repulsion for positively charged cations such as Cd in the solutions. However, the carboxyl groups were deprotonated and favored the aggregation of Cd at pHs greater than 4.0 [49] . It also should be noted that most microorganism cells are kept negatively charged within the pH range 5.0-9.0, which was the reason that Cd adsorbed by Ad3 became more stable at pH greater than 5 ( Figure  2c ) [50] . Similarly, for Ad4, the functional groups including phenolic hydroxyl, carboxyl, carbonyl, etc. on the surface of biochar, which were partially responsible for Cd adsorption, also changed their charges with the decrease of pH. Thus, the competition between metal cations and protons for surface adsorption sites on biochar occurred further resulted in the release of Cd (Figure 2d) [51, 52] .
Effect of Ion Strength
The effect of ion strength adjusted by NaNO3 with a stable pH value of 7 on the desorption of Cd is displayed in Figure 3 . The desorption percentage of Cd from Ads-Cd increased significantly under all treatments compared with the control except for the ion strength of 0.1 mol/L, in which the number of ions was probably not sufficient to replace Cd from the adsorption sites of Ads. It can also be found that the release of Cd was significantly increased with ion strength increased (from 0.05 to 0.2 mol L −1 ) (Figure 3) , which can probably be explained by the following reasons: Firstly, with the concentration of NO3 − increasing in Cd ion solution, it was possible to form uncharged species and negatively charged nitrate complexes that could weak the electrostatic interaction between Ads and Cd, and then inevitably decrease the sorption capacity of the adsorbents. A closer look at Figure 2 reveals that there was no big difference in Cd desorption at higher pHs (>3) under all different amendments with the desorption percentages of less than 20%, but their significant increase was found with pH decreased from 3 to 2, particularly for Ad3 and Ad4, in which the desorption percentages almost doubled. In addition, up to 40-70% of desorption rate at extremely low pH (1 or 2) for Ad3 and Ad4 was observed in Figure 2c ,d, which was much higher than that obtained by Ad1 and Ad2 (15-30%). In the case of Ad3, more H + in the solutions with lower pH values resulting in apparently release of Cd can be explained by the fact that the carboxyl functional groups of humic acids were protonated to a higher extent with lower pH values (<3.0) and resulted in a stronger repulsion for positively charged cations such as Cd in the solutions. However, the carboxyl groups were deprotonated and favored the aggregation of Cd at pHs greater than 4.0 [49] . It also should be noted that most microorganism cells are kept negatively charged within the pH range 5.0-9.0, which was the reason that Cd adsorbed by Ad3 became more stable at pH greater than 5 ( Figure 2c ) [50] . Similarly, for Ad4, the functional groups including phenolic hydroxyl, carboxyl, carbonyl, etc. on the surface of biochar, which were partially responsible for Cd adsorption, also changed their charges with the decrease of pH. Thus, the competition between metal cations and protons for surface adsorption sites on biochar occurred further resulted in the release of Cd (Figure 2d ) [51, 52] .
The effect of ion strength adjusted by NaNO 3 with a stable pH value of 7 on the desorption of Cd is displayed in Figure 3 . The desorption percentage of Cd from Ads-Cd increased significantly under all treatments compared with the control except for the ion strength of 0.1 mol/L, in which the number of ions was probably not sufficient to replace Cd from the adsorption sites of Ads. It can also be found that the release of Cd was significantly increased with ion strength increased (from 0.05 to 0.2 mol L −1 ) (Figure 3) , which can probably be explained by the following reasons: Firstly, with the concentration of NO 3 − increasing in Cd ion solution, it was possible to form uncharged species and negatively charged nitrate complexes that could weak the electrostatic interaction between Ads and Cd, and then inevitably decrease the sorption capacity of the adsorbents. Secondly, high ionic strength could enhance the competition ability of Na + for deprotonated binding sites on Ads which already were occupied by Cd, thus promoting the desorption of Cd [53] . Finally, the electrolyte ions might form ion pair with Cd, and Na + with much smaller radius may cause steric hindrance to Cd, which could reduce the chance of Cd exposure to Ads [54] . It also should be noted that generally, precipitation, diffusion, surface sorption, ion exchange, etc. contribute simultaneously toward Cd stabilization by amendments, as previously mentioned. The forms of desorbed Cd ions from Ads-Cd into the solution might include loosely bound cadmium, precipitated Cd, ion exchanged Cd, and carboxyl Cd, under different environmental parameter values (pH and ion strength).
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Environmental Implications
It is worth noting that, in China, the acid soils account for up to 21% of total agricultural land with pH values below 6.0, but, even with severely acidification conditions, less is below 5.0 [54, 55] . In addition, the ion strength of Chinese typical soils usually is less than 0.1 M. Based on Figure 3 , there was no more than 12% desorption rate of Cd from test amendments when the ion strength was less than 0.1 M. The results indicate that these soil amendments can be potentially applied in in situ remediation of Cd contaminated farmland in China. Comparatively, as shown in Figures 2 and 3 , there was a small increase of desorption rate of Cd from Ad3 and Ad4, followed by Ad2 and then Ad1 with ion strength increase or pH decrease, which is because the accessibility (or "activity") of Cd combining with functional group sites on the surfaces of Ad3 or Ad4 were much stronger [56] . Therefore, Ad3 and Ad4 could be more effective for in situ stabilization of Cd in polluted soils, due to their high adsorption capacities (12.82 and 17.67 mg g −1 , respectively) and low desorption percentages (4.46-6.23%) at pH from 5 to 7 and ion strengths from 0.01 to 0.1 mol/L. The results obtained in this study could provide theoretical foundation for in-situ remediation of Cd polluted field-soil in China. However, it should be noted that an ideal amendment for effectively reducing metal bioavailability should have the following characteristics: no leaching, inexpensive, easy to handle and apply, highly available and/or easy to produce, safe for workers, compatible with and non-toxic to the plants, and not cause secondary pollution to the site. Furthermore, the applied amendments could offer benefits to the plants (e.g., supply plant nutrients, improve plant growth, increase plant resistance against diseases, etc.). No real-life cycle assessment on the effects, advantages and drawbacks of various amendments has been performed thus far and the efficiency of the amendment is site (or soil) specific. 
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Conclusions
The soil amendments were found effective in stabilizing Cd from aqueous solutions. The maximum adsorption capacity of test amendments on Cd ranged from 7.47 to 17.67 mg g −1 and followed the order of: Ad3 > Ad4 > Ad1 > Ad2. Decreasing pH (from 7 to 1) or increasing ion
